ABSTRACT: Tsetse flies, the vectors of trypanosomiasis, represent a threat to public health and economy in sub-Saharan Africa. Despite these concerns, information on temporal and spatial dynamics of tsetse and trypanosomes remain limited and may be a reason that control strategies are less effective. The current study assessed the temporal variation of the relative abundance of tsetse fly species and trypanosome prevalence in relation to climate in the Maasai Steppe of Tanzania in 2014-2015. Tsetse flies were captured using odorbaited Epsilon traps deployed in ten sites selected through random subsampling of the major vegetation types in the area. Fly species were identified morphologically and trypanosome species classified using PCR. The climate dataset was acquired from the African Flood and Drought Monitor repository. Three species of tsetse flies were identified: G. swynnertoni (70.8%), G. m. morsitans (23.4%), and G.pallidipes (5.8%). All species showed monthly changes in abundance with most of the flies collected in July. The relative abundance of G. m. morsitans and G. swynnertoni was negatively correlated with maximum and minimum temperature, respectively. Three trypanosome species were recorded: T. vivax (82.1%), T. brucei (8.93%), and T. congolense (3.57%). The peak of trypanosome infections in the flies was found in October and was three months after the tsetse abundance peak; prevalence was negatively correlated with tsetse abundance. A strong positive relationship was found between trypanosome prevalence and temperature. In conclusion, we find that trypanosome prevalence is dependent on fly availability, and temperature drives both tsetse fly relative abundance and trypanosome prevalence.
INTRODUCTION
The distribution and abundance of vectors is determined by the interplay of three factors: suitable climatic conditions, habitat for development, and the availability of hosts for food. These factors are not independent, since changes in climate not only directly affect the conditions for vector development but also indirectly alter vegetation cover and the movement of the hosts (Jones et al. 2007 , Reisen et al. 2008 , Mills et al. 2010 , Moore and Messina 2010 , Srimath-Tirumula-Peddinti et al. 2015 . Of the different aspects of climate, temperature has been shown to influence the growth and proliferation of trypanosomes within the tsetse fly (Walshe et al. 2009 ). There are multiple approaches that can be used to examine the effects of climate variation on vector distribution and parasite developments (Moore et al. 2011) . In this paper, we examine the within-year fluctuations in temperature and rainfall in the Maasai Steppe of Tanzania and how these are associated with changes in relative abundance of three Glossina species and the prevalence of trypanosomes within them, which in turn affects the likelihood of cattle and humans becoming infected with trypanosomiasis.
The general consensus among infectious disease ecologists is that changes in climate alter the distribution of many infectious diseases (Gray et al. 2009 , Moore et al. 2011 , Huynen and Martens 2013 . Climate envelope models have been used to examine the distribution of vectors, as well as calculation of vector vital rates, including transmission rates (Epstein 2001 , Anderson et al. 2004 , Rödder et al. 2008 . Correlations between climatic variables and abundance have also been used to examine the impact of changes in climate on vector-borne diseases (Lafferty 2009 , Moore et al. 2011 , Paaijmans et al. 2012 , Mordecai et al. 2013 ). Both average climatic conditions and day-to-day variation in temperature are known to be important for vector and parasite development (Hargrove 2004 , Patz et al. 2005 , Kleynhans and Terblanche 2011 , Lukaw et al. 2014 ). For these reasons, studies involved in monitoring abundance and prevalence of vectors and pathogens, coupled with records of location and climate, have been used to provide insights that can assist in describing the relationship between climate variation and vector and pathogens dynamics, and thus an inference of seasons and areas at risk of disease. Tsetse flies have been recorded in more than three quarters of the Tanzania rangelands with high abundance in wildlife protected areas and adjacent zones (Lucas et al. 2001 ). These flies are vectors of both human and animal African trypanosomiasis, and play a significant role in compromising the health of people and livestock and economic development (Malele 2011) . Currently, trypanosomiasis threatens the livestock sector in Tanzania, accounting for about 4.7% of the National GDP and 13% of the Agricultural GDP (Tumbo et al. 2011) . The infection also threatens more than four million rural Tanzanians, including the Maasai communities (Malele et al. 2006 . Maasai communities are particularly vulnerable to negative impacts of trypanosomiasis since their economic status and nutrition are highly tied to livestock production. These communities are also challenged by current land tenure, climate change, and a number of other livestock infections. In addition, information on trypanosomiasis risk in Maasai areas is limited, and this compromises vector control programs.
Recent studies on tsetse fly and trypanosomiasis risk have mainly focused on biological aspects of the vector and the protozoa within the Maasai Steppe, and there remains a lack of knowledge about climate and its influence on risk of infection (Malele et al. 2006 , Matemba et al. 2010 , Salekwa et al. 2014 , Muse et al. 2015 . Maasai Steppe consists of continuous savanna grassland dotted with trees and is home to the Maasai people, who are traditional pastoralists. This study was carried out in the Masaai Steppe of Tanzania and addressed the following questions: (1) Do tsetse fly abundance and trypanosome prevalence vary between months? (2) Is seasonal variation of climate associated with tsetse fly abundance and pathogen prevalence? (3) Does tsetse fly abundance influence trypanosome prevalence?
MATERIALS AND METHODS
The tsetse fly sampling was undertaken in Emboreet village in the Simanjiro District, part of the Tanzanian Maasai Steppe located between 4° 47' 15" S and 36° 53' 54" E ( Figure 1 ). The area is semi-arid, characterized by grassland savanna with Acacia woodlands, Commiphora species, scattered baobab (Adansonia digitata), and sausage (Kigelia africana) trees. The area is inhabited by the Maasai people who herd livestock and co-exist and share pasture with free-ranging wild ungulate species. Surface water is scarce and seasonal availability determines the movement and presence of livestock and the wild animals. Economic activities by the Maasai focus primarily on livestock and more recently agricultural production (McCabe et al. 2010) . Eco-tourism is important in this part of Tanzania and there are several national parks (NP), including Tarangire and Lake Manyara NP.
Tsetse fly abundance, trypanosome prevalence, and climate data collection
Temporal abundance of tsetse flies was estimated by monthly sampling for a period of 15 months in 2014 and 2015 in the village of Emboreet, which borders Tarangire National Park (Figure 1 ). Sites were selected through stratified random subsampling of the major vegetation types in the area (Bouyer et al. 2013) . A total of ten sites were identified and three epsilon traps were deployed at each site and located at least 200 m apart . At each trap, the grass vegetation was cut to ground level and the legs of the trap greased to avoid ants consuming caught flies. Each trap was baited with an attractant made from acetone, phenols, and octanol (Hargrove et al. 1995) . Traps were checked and emptied every 24 h for six days each month, at which time the number of individuals for each tsetse species within each trap was recorded, along with the GPS (global positioning system) location. Tsetse flies were identified using training manuals published by the Food and Agricultural Organization (Pollock 1982) and identification was confirmed with a qualified entomologist from the Vector and Vector-Borne Diseases Research Institute located in Tanga, Tanzania. After six days, the traps were removed from the site and deployed again for sampling the following month.
Collected flies were preserved individually in Eppendorf tubes filled with absolute ethanol. DNA was extracted from individual flies in the laboratory using an ammonium acetate precipitation protocol (Bruford et al. 1998 ). All DNA samples were stored at -20º C until further analysis. Trypanosome species were identified by polymerase chain reaction (PCR) undertaken on fly-specific pools (Ferreira et al. 2008 , Malele et al. 2013 . Each pool was prepared by mixing ten individual DNA samples in equal volumes. Positive pools of DNA samples were further studied to identify the individual flies that were infected in order to establish prevalence of trypanosome species within each tsetse species. A total volume of 15 μl containing 7.5 μl Dream Taq master mix, 200 nM of forward and reverse primers, and 3.9 μl of nuclease-free water was used during the PCR amplification process where the ITS1 gene was targeted. The PCR products were separated on 2% GR green-stained agarose gels and positive results were identified based on PCR product size corresponding to 300 bp for T. vivax, 400 bp for T. brucei, and 700 bp for T. congolense savannah. T. brucei-positive samples were further tested using SRA gene amplification primers in order to identify human infective trypanosomes. Detailed primer sequences and cycling conditions followed in this study are described in Radwanska et al. (2002) and Njiru et al. (2005) .
Climate data were acquired from the African Flood and Drought Monitor repository which provides satellite gridded data at spatial and temporal resolution of 0.25º at daily intervals, (http://stream.princeton.edu/AWCM/WEBPAGE/interface. php?locale=en). Daily, maximum and minimum temperature, and total precipitation for the year 2014 and 2015 were acquired and used to characterize the weather of the study area. After acquisition, data were checked for quality before being used in the analysis. These data have limitations of spatial resolution since the trapping sites fall into only two grids of satellite climatic data. Availability of local station data on-the-ground or alternative high resolution data for the study area is poor and/or limited.
Data analysis
The relationships between climate and tsetse fly abundance or trypanosome prevalence, and also between tsetse flies and trypanosomes, were examined using linear mixed effect models (LME) with the 'lme4' package in the statistical program R (v. 3.24) (Baayen et al. 2008) . When possible, the contribution of independent variables with quadratic or exponential functions, as well as two-way interactions with other independent variables, was also examined. Sampling site was included as a random factor to take into account between-site variability and the re-sampling of the same site over the months. The minimum parsimonious model was considered and presented in our results. To examine the effect of time lag in relative abundance of tsetse fly species on prevalence, cross correlation analysis was implemented and a delay of up to three months was examined using the 'astsa' package in R (Rao 2001) .
RESULTS
While our goal was to examine the seasonality in the relative abundance of tsetse flies and their infection rate, a preliminary analysis was performed to investigate the role of habitat in the temporal variation of fly catches. Analysis confirmed that habitat significantly affected changes in total fly abundance at the monthly level. Given that the resolution of our climatic data covered the habitat selected in our study sites, our analyses were performed combining the habitat together and using the sampling site as a random factor in the analysis to take into account spatial variability in fly trapping and trypanosome prevalence.
During the study period, the lowest temperature was recorded in July and the highest in February. Rainfall was relatively variable between months, with the maximum amount of rainfall recorded in April and the minimum in September (Figure 2 ).
Temporal dynamics of tsetse fly relative abundance
A total of 3,000 tsetse flies, comprising three savanna Glossina species, were caught during the 15 months of trapping. G. swynnertoni (70.8%) was the most abundant species followed by G. m. morsitans (23.4%) and, at a much lower value, G. pallidipes (5.8%). Temporal changes in abundance were recorded in all three species. G. swynnertoni abundance peaked in July, followed by September and then March, while G. m. morsitans and G. pallidipes exhibited two peaks each: G. m. morsitans peaked in July and March, whereas G. pallidipes peaked in November and July (Figure 3 ). Differences in abundance of tsetse species were significant for a number of months (Table 1) .
Climate-tsetse fly relationships
A negative relationship was found between relative abundance of G. m. morsitans and maximum temperature and between G. swynnertoni and the minimum temperature, while relative abundance of G. pallidipes showed no associations with any of the temperature variables (Table 2) .
Temporal dynamics of trypanosomes prevalence
Most of the tsetse fly infections were from T. vivax (82.1%), with proportionately fewer from T. brucei (8.93%) and T. congolense (3.57%). Co-infections with T.vivax and T. brucei were the most common (3.57%), while T. vivax-T. congolense and T. vivax-T. brucei-T. congolense were rare and only 0.89% each. Further analysis of T. brucei positive flies found no human infective species, specifically T. brucei rhodensiense. The highest upper and interquartile values of trypanosome prevalence were recorded in October, while lowest quartiles and interquartiles of prevalence were recorded in January. These results suggest that October consistently scored the highest prevalence and January the lowest compared to the other months (Figure 4 ). In general, prevalence of trypanosomes increased from January to November with some monthly fluctuations, but only the peak in October was significant (Table 3) .
Relationship between climate and prevalence of trypanosomes
Following previous work, our initial prediction was that trypanosome prevalence would rise with temperature, reach a peak, and then decline (Cross and Manning 1973) . Accordingly, we found that trypanosome prevalence increased with rising maximum temperatures from 26° C to 31° C, and declined beyond a maximum temperature of 31° C ( Figure 5 ). This trend Table 3 . Linear mixed effect models between trypanosome prevalence (species combined) and months; all months are compared to the intercept *January.
was described by a significant positive relationship of prevalence with maximum temperature linear (β = 23.14, SE= 9.07, df = 37, p=0.0150) and quadratic terms (β = -0.37, SE= 0.15, df = 37, p=0.0177).
Relationship between prevalence of trypanosomes and relative abundance of tsetse flies
The peak in trypanosome prevalence lagged three months behind the July peak in tsetse fly abundance (Figures 3 and  4 ) but this lag effect was not statistically significant. A negative relationship was found between trypanosome prevalence and tsetse fly abundance, suggesting that high prevalence is related to low fly abundance (Figure 6 ). In general, it was observed that an increase in one unit of tsetse fly abundance reduces prevalence of trypanosomes (β = -7.66, SE= 1.23, df = 38, p=0.001).
DISCUSSION
The relationship between seasonal variation of climate and tsetse fly abundance or trypanosome prevalence in the Maasai Steppe of Tanzania has not received adequate attention. Yet this area has abundant wildlife reservoir hosts of zoonotic diseases. It is also used heavily by livestock and can be a potential hotspot for infectious diseases of human concern, including the neglected tropical disease trypanosomiasis. In order to fill this gap in knowledge, the current study addressed this concern by performing a longitudinal sampling at Emboreet Village in 2014-2015. This study identified G. swynnertoni and T. vivax as the most dominant tsetse fly and trypanosome species, respectively, during the sampling period. The study has clearly shown temporal variation in relative abundance of different species of tsetse flies that appeared to be mainly associated with a negative effect of minimum and maximum temperature. Furthermore, we have shown temporal variations of trypanosome prevalence that were significantly affected by maximum temperature. Trypanosome prevalence peaked three months after the peak in tsetse fly relative abundance, but a negative exponential relationship was found between tsetse fly relative abundance and trypanosome prevalence, where lower tsetse abundance is associated with a higher prevalence of trypanosomes.
The relatively large number of G. swynnertoni reported in this study confirms the findings by Sindato et al. (2007) and Salekwa et al. (2014) who also reported dominance of G. swynnertoni in the . Relationship between trypanosome prevalence and tsetse fly relative abundance as observed at Emboreet village during the study period. Points are the prevalence of trypanosomes relative abundance in tsetse and the line represents the best exponential model fit. same area. Dominance of this species may suggest that even though the other two species, G. pallidipes and G. m. morsitans, can pose potential risk as vectors for trypanosomiasis, G. swynnertoni could still be the most important species in driving the epidemiology of infection in the area. Predominance of T. vivax was expected since it is known to be a widely distributed species due to both mechanical and cyclical transmissions (Dagnachew and Bezie 2015) . Predominance of T. vivax around the Maasai Steppe has also been reported in other studies (Adams et al. 2010, Swai and Kaaya 2012) . Okoh et al. (2012) also found predominance of T. vivax from an investigation carried out in one of the national parks of Nigeria. Since persistence of T. vivax requires only one fly and three to four animal hosts (Rogers 1988) , the presence of numerous wild ungulates and cattle in the study area further support the dominance of T. vivax. Further analysis of T. bruceipositive samples did not indicate the presence of human infective trypanosomes, but these negative results should not support the notion that the Masaai Steppe is a sleeping sickness-free zone. The lack of positive cases may be attributed to the fact that human infective trypanosomes are usually at low prevalence and often not captured in relatively low sample size. Auty et al. (2012) reported similar findings in a study carried out in the Serengeti NP.
The relative abundance of tsetse flies was greatest in July, whereas relatively low catches were recorded in January. In general, the months with high catches corresponded to a dry period. At this time of year, adult tsetse flies rely entirely on blood from available hosts (Hargrove 2004) and they appear to be well adapted to this dry environment. It is possible that the concentration of available animals around resources like water and food offers good opportunities to overcome the extreme dry climate while allowing the reproductive life cycle of the fly to continue. Indeed, in the dry months of the Maasai Steppe, wild animals and livestock congregate and feed on bushes where food and protection are available and tsetse flies have access to the hosts for blood. Since there is a frequent interaction between vectors and hosts, this period can pose a high risk for animal trypanosomiasis. The presence of relatively high abundance of flies during the dry seasons has also been reported by Lukaw et al. (2014) and Sindato et al. (2007) . However, it is also possible that flies are more mobile during dry months and, thus, while the catch increases, the actual abundance might remain unchanged. Similarly, the availability of hosts may also increase during this period, as a consequence of resource driven animal movements, and when the hosts move through the trapping areas, the catch rate increases. For these reasons, the recorded variation in abundance does not necessarily reflect the abundance in the entire area but it gives an understanding of what to expect in different seasons within this area.
We found no strong relationship between climate parameters and G. pallidipes, but a significant negative relationship between minimum temperature and G. swynnertoni, and maximum temperature with G. m. morsitans was observed. The weak relationship between G. pallidipes and climate parameters could be associated with the ability of this species to thrive at low abundance in different areas and under mild climatic conditions (Pollock 1982) . Also, the small sample size of G. pallidipes could have influenced these results. The significant negative relationship of G. swynnertoni and G. m. morsitans relative abundance with minimum and maximum temperature could be partly because both low and high temperatures reduce the activity of the flies. At cold temperatures, fly activity falls and then again at high temperatures as the flies seek refuges and are more likely to enter the traps Hargrove 1999, Terblanche et al. 2008) . The observed disparities among the tsetse fly species and the climatic variables raises questions as to whether G. swynnertoni tolerance is greater to high temperatures and G. m. morsitans tolerance is greater to lower temperatures, however we do not have data or published work to test this hypothesis. Overall, these findings were counter to our expectation of temperature being a robust predictor of tsetse fly species abundance (Rogers et al. 1996 , Moore et al. 2011 . Part of the weak signal observed could be associated with the low spatial resolution of the satellite climate data that failed to provide microclimate changes and variation during the trapping sessions.
The presence of trypanosomes throughout the year could be associated with three factors: first, the year-round presence of wild animals as "trypanosome reservoirs" in areas close to the park; second, the evidence that adult tsetse flies feed entirely on blood, which allows the chance of year-round trypanosome circulation in the area; third, adult tsetse flies appear to thrive well through much of the variation in weather conditions and thus there is a risk of transmission throughout the year (Hargrove 2004) . The high trypanosome prevalence recorded in October was contrary to our expectation and the findings of previous studies in the same area (Sindato et al. 2007) . Possible reasons for this observation could be the fact that October coincides with a period of short rains (Figure 2 ) when hosts, both livestock and wild ungulates, are numerous and widely spread, allowing high rates of contact between hosts and vectors.
The strong correlation between maximum temperature and trypanosome prevalence reported in this study confirms the relationship between environmental temperature and trypanosome development (Walshe et al. 2009 ). Environmental temperature regulates the switching of the trypanosomes from the bloodstream form that has entered the fly and their multiplication in the tsetse fly midgut (procyclic form) before proceeding to salivary glands ready to infect a host (Akoda et al. 2009 ). It appears from in vitro experiments that the process of differentiation of trypanosomes from the blood stream form to the procyclic form initiates and continues the multiplication when the temperature is between 37º to 27º C / 26º C (Brown et al. 1973 , Bienen et al. 1980 , Milne et al. 1998 , Li et al. 2003 . Other laboratory experiments concluded that 25° to 28° C was the optimum temperature for growth of trypanosomes but slow growth occurs up to 37° C (Cross and Manning 1973) . Generally, high temperatures shorten the duration of trypanosome development cycles within the tsetse fly (Moore et al. 2011) . We reported infections between 26º C to 36º C with the highest infection rates at around 31º C. There could be two reasons for this observation; first, there is the rapid differentiation and proliferation of trypanosome species at temperatures between 26º C and 37º C as suggested by laboratory studies; second, nutritional stress could affect these patterns where high temperatures induced quick digestion of blood meals in the tsetse fly leading to more frequent feeding events, and hence increased risk of infection. Other exo-endogenous factors might also play an important role, such as quality of blood source, type of tsetse fly midgut enzymes, and quality of parasite surface coat, though they were beyond the scope of this study (Kubi 2006 , Akoda et al. 2009 , Geiger et al. 2015 .
Peaks in trypanosome prevalence lagged behind tsetse fly abundance peaks and confirmed previous findings by others (Rogers 1988) . This observation may be partly because tsetse flies catch infections from hosts, and we suspect the flies to be susceptible to low immunity during low fly abundance and vice versa, but we did not have data to test this. Since tsetse fly infection rates depend on prevalence of trypanosomes in the vertebrate host populations, the observed general inverse relationship between tsetse fly relative abundance and trypanosomes prevalence implies that there is a risk of trypanosomiasis infection by vertebrate hosts regardless of tsetse fly abundance. Nonetheless, very low vector abundance lowers the prevalence as shown in January, indicating that a threshold of tsetse fly abundance is important for trypanosome infections to occur.
In summary, this study highlights seasonal patterns of tsetse fly burden and trypanosome prevalence. This information can inform stakeholders about the months of the highest risk of trypanosomiasis infection in the Maasai Steppe, where this information is limited or unavailable. Also, the established temporal patterns of vector and parasites together with climate relationships can provide fundamental information needed when developing predictive models of the temporal dynamics of the relative abundance of individual tsetse fly species and their infection rates. Nonetheless, it is important to recognize the possible role of other factors associated with changes in climate and how they may affect trypanosomiasis dynamics. Furthermore, the experimental thermal tolerance of G. swynnertoni and G. m. morsitans under field conditions is recommended in order to explain the variation of temperature effects to this species reported in this study. 
